The continuous addition of toluene as a solute of treated ballast water from oil tankers into a well-defined estuary facilitated the study of Natural water systems are usually subsaturated in nonpolar, low-molecular-weight hydrocarbons so that rates of dissolution can exceed those of metabolism. The importance of such dissolved hydrocarbons to microorganisms was demonstrated by Yoshida et al. (37). Although petroleum biodegradation studies abound (2), only a few of these investigations (8, 19, 28) use hydrocarbons that are in true solution. Because usual working concentrations of hydrocarbons often exceed aqueous solubility (1), metabolism rates saturate at concentrations which are very small, and uptake rates are sufficiently slow that special procedures must be used to avoid artifactual results from long incubation times and isotope contaminants (10), kinetic studies are somewhat inconvenient. However, the development of sensitive techniques (10) has allowed direct measurement of hydrocarbon oxidation rates in seawater. Here, we utilize these methods in an attempt to quantify the dynamics of a dissolved hydrocarbon in seawater as well as the microflora that carries out its metabolism.
Natural water systems are usually subsaturated in nonpolar, low-molecular-weight hydrocarbons so that rates of dissolution can exceed those of metabolism. The importance of such dissolved hydrocarbons to microorganisms was demonstrated by Yoshida et al. (37) . Although petroleum biodegradation studies abound (2) , only a few of these investigations (8, 19, 28) use hydrocarbons that are in true solution. Because usual working concentrations of hydrocarbons often exceed aqueous solubility (1), metabolism rates saturate at concentrations which are very small, and uptake rates are sufficiently slow that special procedures must be used to avoid artifactual results from long incubation times and isotope contaminants (10) , kinetic studies are somewhat inconvenient. However, the development of sensitive techniques (10) has allowed direct measurement of hydrocarbon oxidation rates in seawater. Here, we utilize these methods in an attempt to quantify the dynamics of a dissolved hydrocarbon in seawater as well as the microflora that carries out its metabolism.
The rates of dissolved petroleum metabolism that occur in Port Valdez, Alaska, are considered because treated ballast water from oil tankers is pumped into the estuary in large amounts (2 x 106 liters per h) (20) . It contains 11 mg of organic material per liter, about half of which is comprised of aromatic hydrocarbons. Toluene was selected for study here because it is a chief component of the soluble fraction. It enters the 20-km3 estuary at a rate of 2.4 metric tons per month. The receiving estuary is fjordal, shaped rates and concentration-dependent kinetics in much the same way that Jordan and Likens used sulfur uptake rates to estimate biomass (17) . Required affinities were obtained both from mixed cultures subjected to dissolved hydrocarbons for long periods and from selected pure culture isolates. This method gave hydrocarbon oxidizer populations significantly higher than were previously thought to occur (1, 3, 15) . The residence time of toluene and microbial growth rates from its utilization follow directly from toluene oxidation rates and attendant formulations presented.
With in situ analytical capabilities aboard ship, we were able to locate and define a layer of seawater that was rich in bacteria and trace the production of these organisms to the holds of oil tankers. However, since toluene utilization rates outside this bacteria-rich layer near the injection point of treated ballast in Port Valdez appeared not to be unusually high for seawater, we searched for an alternative hydrocarbon source.
Reports of large quantities of airborne hydrocarbons from forests (27, 35) led to the hypothesis that, in cool northern climates, significant quantities of terpenes would remain on evergreen foliage to be washed by rain into streams and then to flow to estuaries. The hydrocarbons contained in stimulated rainwater from fresh spruce boughs were therefore examined.
MATERIALS AND METHODS Sampling and incubations. Shallow samples of
seawater were pumped with a hand-operated piston pump through weighted Tygon tubing into fired (550°C) Pyrex carboys aboard a rowed skiff. Those below 5 m were drained from a 30-liter Niskin sample bottle that was closed and returned from depth on the hydrowire of R/V Alpha Helix.
Biomass. Bacterial populations were enumerated from direct microscopic counts of acridine orangetreated organisms on filters (14) ; total biomass was determined from the dimensions of the fluorescent bodies (5) 
and for the whole mixed culture of n species the sum is The specific rate of growth uA (grams of cells from A per gram of cells using A per hour) of the hydrocarbon oxidizers XA from hydrocarbon used is given by
All substrates considered, the growth rate / 
RESULTS In situ activity. Sampling locations in Port Valdez, together with a more oceanic station in Prince William Sound, are shown in Fig. 1 . Microbial populations at these locations (determined by fluorescence microscopy) and the rate at which they utilize added toluene are given in Table 1 Table  2 .
One striking feature of the depth profile is the peak in the rate of toluene utilization at 50 m. The outlet of treated ballast wastewater from Alyeska Pipeline Service Co.'s operation lies 500 m to the southeast (Fig. 1) . According to dye studies (Colonell, personal communication), this warm (7 to 1700) effluent floats upward to become trapped below the less-dense surface water which is enriched 10 to 20% by freshwater from stream runoff. Although added hydrocarbons from the effluent would tend to decrease observed oxidation rates if An > KA, the rate maximum of Table 1 showed strong correlation with the plume location from dye studies and from direct hydrocarbon concentration measurements (20) . Origin of biomass. The data of Table 1 also show a peak in total microbial biomass which corresponds with the peak rate of toluene utilization at 50 m. We questioned the origin of these organisms because computation showed that growth rates were too slow to generate this layer before turbulence would disperse it (vide infra). Toluene utilization rates were only approximately 0.01 ,tg/liter per h in the high-activity layer which is small when compared to the 0.4 to 0.9 mg of microbial biomass per liter present. Treated ballast water contains just four major components which are potential growth-supporting heterotrophic substrates: benzene, toluene, xylene, and ethylbenzene (20) . Even if 10 other petroleum hydrocarbons were included and endogenous metabolism was neglected, the resulting growth rate from this input would be on the order of 2 per year. This computed growth rate is quite insufficient to form the observed layer because dispersal rates are at least 4 per week (vide infra). We therefore searched for other sources of bacteria upstream from the layer of bacteria-rich water formed.
Toluene utilization rates and microbial populations at various points of processing within the ballast water treatment facility that feeds Port Valdez are shown in Table 3 (Table 3) where the toluene concentration is known (1.9 mg/liter [20] ) gives an estimate of the concentration to which toluene in the 50-m sample is diluted based on the assumptions that both bacteria and toluene are equally diluted by fresh seawater and that little growth occurs within the layer itself ( can be seen that only 2.5% of the 90-kg/day toluene input is consumed within the estuary. Thus the 81-kg/month toluene consumption rate is supplying the toluene diet of at least 26,000 kg of bacteria, but contributes only a maximum of 6.9/century to their growth rate.
The rate of tissue accumulation for the total population of hydrocarbon oxidizers and others that can occur from the consumption of toluene is even less ( 4 . Photomicrographs of microflora collected on filters and used to calculate bacterial biomass. After treatment with acridine orange, 5-ml samples were filtered and photographed with ASA 400 film (bar, 5 ,um). A, Typical 5-m sample of seawater (station 2). B, Bacteria-rich layer of station 5 at 50 m; the large object at left is a particle ofglacial flour. C, Untreated ballast water from the Mobile Arctic; the central clump consists of organisms attached to a particle of oil. D, Water from the holding lagoon (near surface water) which is injected as shown in Fig. 3. rents, riparian conifers could represent the missing hydrocarbon source. Indeed, we found that monoterpene hydrocarbons are easily washed from white spruce trees (Picea glauca) by sprinkling water over them (Fig. 5) . Quantitative analysis of water in which fresh spruce boughs were briefly dipped (data not shown) provided an estimate of total production. Some of the hydrocarbons were particulate (not filterable), and some components were liberated in larger quantities when subjected to simulated wind damage. Total production was estimated to be roughly 10,000 metric tons per rain for coastal Alaska and 30 metric tons in the forested 10- square-mile (ca. 26-km2) watershed of Port Valdez. Structures of these hydrocarbons, e.g., limonene (Fig. 5) , are closely related to the watersoluble constituents of petroleum such as toluene. Although the substrate specificity of hydrocarbon oxidizers is not universal ( The dominance of flushing in the calculation of An for this system should be noted. Weatherrelated phenomena are thought to modify flushing on a regular basis. However, the value reported for steady-state toluene should remain within the correct order of magnitude.
Residence time. Toluene residence times based on metabolic rates ranged from years in Port Valdez to decades in the surface waters of the larger receiving estuary adjacent. These long residence times indicate that most hydrocarbons are flushed out of small estuaries and then diffuse downward to where the residence times, which vary inversely with microbial population, should be many centuries. The fact that metabolism rates are first order in concentration below the Michaelis constant (unpublished data show no threshold of the type observed for growth [18, 30] ) has an equalizing effect on hydrocarbon concentrations in the world ocean because those hydrocarbons which accrue to higher concentrations are metabolized at higher rates.
Previous reports of hydrocarbon residence times (19, 34) have not considered the multiple methodological problems of impurities in the substrate, long incubation times, saturation phenomena, and the presence of an oil phase, all of which affect the rates of metabolism of dissolved hydrocarbons (10) . It is reported that low water temperatures and low nutrient concentrations seriously constrain hydrocarbon metabolism rates (34) . However, the data in Table 1 show appreciable rates at 6°C, and metabolism appears to occur normally at -1.8°C (1). It is also reported that clays absorb significant quantities of hydrocarbons (19) (28) . Neither is dissolved dodecane, a common straight-chain hydrocarbon, metabolized significantly faster than toluene ( Table 4 ), so that rates reported here can be regarded as somewhat typical for dissolved hydrocarbons. Although affinities reported here are lower for hydrocarbons than they are for most polar substrates (9), low Michaelis constants also appear to restrict rates in some experimental systems because the rates are saturated at such small concentrations.
Populations. Error in the estimate of the biomass of toluene oxidizers depends strongly on the integrity of the average specific affinity value used. That affinity values were quite consistent among the various isolates has a precedent in the finding that the affinities of various organisms for various polar substrates are also quite consistent (9) . The large difference between affmiities for polar substrates and nonpolar substrates is thought to result from comparing aqueous external concentrations of polar substrates with membrane concentrations of hydrocarbon after they have partitioned from the aqueous phase into lipid (vide supra). Direct count data and computed biomass from kinetic data are used over population estimates according to plate counts or most-probable-number techniques because few of the organisms in seawater will respond to these latter techniques. A toluene oxidizer biomass of 0.1 dIg/liter amounts to about 5 x 106 organisms per liter; however, only about 104 organisms per liter can be cultured with mixed hydrocarbon enrichments (1, 31) . Moreover, the large variation in organism size, as well as clumping characteristics (Fig. 4) , would suggest that organism biomass is a preferred indicator of metabolic activity, particularly for comparing diverse systems. Consistency of the data of Table 4 , together with the fact that ample opportunity for selection of the best toluene oxidizers available probably occurred in oil tankers, suggests that the specific affinity values reported are near an upper limit. However, some organisms, including those whose hydrocarbon metabolism pathways remain repressed, may have lower affinities; isolate Pseudomonas B is one example. If the average affinity of the ballast water (Table 3) is used rather than the average pure culture value ( (18) , and laboratory air is far from organic carbon free. Because of the low Michaelis constants involved, the energy provided by multiple hydrocarbons utilized by separate initial pathways would be additive at moderate (>-1-jIg/liter) as well as small concentrations. These interactions are under current investigation. However, it is quite possible that the numerous hydrocarbons of seawater in concert can provide for faster growth of these organisms than does toluene alone.
Population source. Given the substantial populations in the bacteria-rich layer, the corresponding populations in the treated ballast water added, and the slow growth rates above, it is clear that the biomass of this layer is derived directly from organisms within the treated ballast water. Since the residence time of tanker effluent in the ballast water treatment facility is short (Table 3 ) and the microbial populations in the effluent are equivalent both before and after treatment, it is also clear that the organisms in the bacteria-rich layer are grown, for the most part, during transit time between refineries (often approximately 10 days from the west coast of the United States) and Port Valdez.
Hydrocarbon sources. The finding of substantial terpene hydrocarbons in the crown flow from conifers suggested an explanation for the ubiquity of hydrocarbon-oxidizing microorganisms in seawater. Slow turnover of the hydrocarbons in the water column indicated that (i) terrestrial hydrocarbons (27, 35) can reach the ocean, particularly when they are contained in the swift cool waters of spring runoff, and (ii) hydrocarbons from terrestrial sources become integrated into the ocean as a whole and provide a significant part of the dissolved organic chemicals in seawater. Probable catabolic similarities between terpenes and petroleum hydrocarbons (24, 26) suggest that terrestrial plant hydrocarbons support a seed-stock microflora which is available to propagate at the expense of the frequent accidental oil spills.
